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ABSTRACT 
Irganox 1010 stabilized PE was monitored by carbonyl build-up and DSC under oxygen. A 
scheme for PE stabilization by phenols was implemented and its kinetic parameters were 
calculated from experimental results. This model was validated from its ability to simulate 
kinetics curves for carbonyl build up, induction period changes with stabilizer concentration, 
and stabilizer depletion curve in thermal ageing. The use of OIT measurement for quantifying 
stabilizer is also discussed. Kinetic analysis showed that OIT is actually proportional to 
stabilizer concentration in virgin samples but this is not true for aged samples because of 
negative influence of oxidation unstable by-products. The model was also employed for 
discussing some scenarii proposed as explanation of heterogeneity observed during thermal 
oxidation of stabilized polyolefins. 
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INTRODUCTION 
 
Many studies illustrate the effect of stabilizer on polymer ageing. Most of them compare 
stabilizers molecules by their ability to increase time to embrittlement, or carbonyl induction 
period [1]. Studying the rate of stabilizer depletion would permit to determine the phenomena 
involved in stabilizer disappearance (chemical consumption, physical loss …) and further to 
improve the choice of stabilizer. For that purpose, two approaches can be envisaged: 
- Analytical methods: spectroscopic, chromatographic or thermal detection of stabilizer and 
its by-products [2,3]. The measurement of Oxidation Induction Time by DSC under oxygen is 
one of most popular methods because of its simplicity [4,5,6]. 
- Kinetics approach: proposal of a mechanistic scheme for stabilizer action, determination of 
kinetics parameters from experimental data and prediction of changes in antioxidant 
concentration.  
 
Implementing the kinetic approach requires understanding the stabilizer physico-chemistry, 
which is very complex [7]:  
 
 Stabilizer can be consumed by chemical reaction or lost by evaporation or extraction [8]. 
 
 Stabilizer is partially soluble [9,10,11,12]. In previous papers [13,14], we successfully 
simulated the behavior of phosphites and sulfurs by supposing that stabilizer soluble part 
disappear by reaction and evaporation, and insoluble one works as a reservoir maintaining the 
amorphous phase at the saturation limit as long as it is not totally consumed: 
 
 In thick samples, its efficiency depends on its rate of diffusion from the bulk to the surface. 
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The physical parameters (rate of evaporation H, solubility limit [Stab]sat, or diffusivity D…) 
can be estimated for each polymer-stabilizer mixture: 
- D value for several antioxidants in polyolefins are available in several papers [15,16,17,18], 
and can be predicted by some models linking D with temperature and stabilizer molar mass 
[19]. 
- Values of parameter H for evaporation rate values are also given in literature [20]. Their 
value may be estimated from kinetics of stabilizer loss under nitrogen [14].  
- Estimation of solubility limit of stabilizers (being relatively polar molecules) in polyolefins 
from a theoretical approach is relatively complex: as observed for example by Billingham 
[9,14], regular solution theory (which is derived from Flory Huggins approach) is shown to 
give a good basis for extrapolation of data but cannot predict solubilities. This is not 
surprising first because approach derived from Flory’s theory cannot be when polar 
interactions exist between polymer and stabilizer, and also because of the semi-crystalline 
nature of polyolefins [21]. Hence, the solubility of a stabilizer in a polyolefin can only be 
estimated from reported experimental values together with some structure properties 
relationships [22]. 
 
It remains to estimate the kinetic constants for stabilizer chemical consumption. In the case of 
2,6 di-tert-butylphenols, it was shown that the efficiency per phenol group does not differ 
strongly from a family member to another [23]. Rate constants of stabilization were thus 
calculated from a literature review of degradation of several PP + phenol mixtures. Their 
physical sense constituted a partial validation which needs to be confirmed regarding other 
criteria.  
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In this paper, we will try to complete this previous investigation by implementing the 
following approach: 
1. Estimation stabilization constants from experimental data in the case of PE + Irganox 1010 
chosen here as a model phenolic antioxidant (presumably non volatile and soluble enough for 
neglecting in a first approach physical effects of stabilisation and simplify the modelling). 
2. Discuss on the ability of the model to simulate the shape of stabilizer residual concentration 
curve. We already obtained promising results in comparable studies for hydroperoxides 
decomposers [13,14] but it was in case of a major volatile loss so that it is not sure that the 
stabilizer depletion only due to chemical reaction is accurately simulated. Since Oxidation 
Induction Time measurement (by Chemiluminescence or DSC) is a commonly employed [4-
6], we will try to discuss on the reliability of this method for determining the residual quantity 
of stabilizer in polymer after exposure. 
3. Several papers report that oxidation of stabilized polymer is heterogeneous [24,25], due to 
local presence of impurities or inhomogeneous stabilizer repartition. The model will be here 
used as a comprehensive tool for testing the proposed scenario in literature.  
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EXPERIMENTAL 
 
1. Materials  
The PE powder (supplied by Borealis) was stabilizer free, as confirmed by the absence of any 
induction period in the control DSC isothermal thermograms at 200°C. Compounded samples 
were prepared by pouring a solution of Irganox 1010 (CAS 98584-37-3) in dichloromethane 
onto the PE powder. The stabilizer concentration and the solution volume were adjusted in 
order to obtain the desired stabilizer concentration in the PE. After solvent evaporation at 
room temperature, thick films, about 100 µm, were compression moulded at 200°C under 240 
MPa pressure for 30 s using a laboratory press (Gibrite Instrument).  
 
The initial stabilizer concentration in the PE amorphous phase was calculated using: 
 
    StabStab
Stab
PE
C
fx
M
ρ
x1
1]AH[      [1] 
 
Where: 
- xC is the crystallinity ratio taken as equal to 0 in molten state and 0.5 in solid state,  
- PE is the polymer density (935 g l-1), 
- MStab is the stabilizer molar mass (g mol-1), 
- xStab is the global stabilizer weight ratio in the polymer, 
- fStab is the stabilizer functionality, i.e. the number of active groups per molecule (4 for 
Irganox 1010). 
 
2. Characterization 
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2.1. Infra Red spectrophotometry 
FTIR spectra of the PE films were recorded in transmittance mode using a Bruker IFS 28 
spectrophotometer by averaging 32 scans at 4 cm-1 resolution. The absorbance of carbonyl 
compounds resulting from PE oxidation were converted into concentration using the molar 
absortivity of 300 l mol-1 cm-1 for the peak at 1715 cm-1 [26]. 
 
2.2. Determination of the stabilizer concentration using OIT measurements  
Samples were analysed using the standard DSC under oxygen (OIT) at 200°C using a Q10 
apparatus (TA Instruments). OIT temperature measurement triggers: 
- Sensitivity, with the detection of the onset [27],  
- Analysis time [27], 
- Additive volatilization, as observed by comparing OIT values for PE + Irganox 1010 or PE  
+ Irganox 1076 at 190°C for instance [14]. 
Here, T = 200°C was chosen a good compromise. 
The polymer samples (systematically ca 5 mg giving a ca 100 µm sample thickness expected 
to minimize the DLO effect) were first heated under nitrogen to 200°C followed by a 5 min 
isothermal segment before switching to oxygen and then monitoring the time to the exotherm 
(denoted by OIT200). This measure is currently used for determining both initial and residual 
stabilizer activities and its limits will be discussed in the present paper. Fig. 1 depicts the 
shape of isothermal segment under oxygen for pristine samples of PE with and without 
stabilizer.  
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Figure 1. Isothermal part of DSC thermogram at 200°C under 0.1 MPa O2 for PE + Irganox 
1010. 
3. Thermal ageing  
Ageing of polyethylene films was carried out in air at 110°C and 120°C in ventilated ovens.  
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RESULTS  
 
1. Oxidation at molten state 
DSC-OIT curves for PE with several amounts of Irganox 1010 are given in Fig. 1. They call 
for the following comments: 
 
 Identically to what is very well documented in literature, OIT increases here linearly with 
stabilizer amount [27,28,29,30,31,32,33,34,35,36,37]. 
 
 It is not easy to determine from the shape of such oxidation curves if antioxidant 
disappears because of chemical consumption (reactions with POO°, POOH…) or physical 
loss (evaporation for example). According to previous investigations [13,14], we have 
proposed to analyse the change of induction period with the nominal stabilizer concentration: 
- In case of reaction coupled with evaporation + partial demixion, the stabilizer excess 
(compared to solubility limit) rather evaporates and its effect on induction period 
enhancement is almost negligible. The “induction period vs stabilizer concentration” curve 
displays hence a hyperbolic shape. 
- In a case of reaction as major source of stabilizer consumption, the “induction period vs 
stabilizer concentration” curve turns to be almost linear. 
These observations militate in favour of neglecting the evaporation here, in good agreement 
with other observations reported in the following of this section from monitoring the residual 
concentration of Irganox 1010 ester group. 
 
 It can be observed that PE + 0.5% Irganox 1010 sample shows a second slow oxidation 
step (a sort of retardation process) in contrast with one step fast oxidation step for PE + 0.1-
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0.3% Irganox 1010%. The possible role of phenolic antioxidant by products at high Irganox 
1010 concentration may be evoked as an explanation [38]. In the following, we will focus on 
induction period (previously observed as being the crucial parameter for describing phenol 
efficiency [23]) rather than on the higher conversion degrees. Anyway, the model proposed 
here will have undoubtedly to be completed in the future to describe the degradation at high 
conversion degrees or involving the role of secondary stabilizer by-products. 
 
2. Oxidation at solid state 
Experimental results for carbonyl build-up and residual value of OIT at 200°C for oxidation at 
110°C and 120°C are presented in Fig. 2 and Fig. 3: 
 
 
(a) 
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(b) 
 
Figure 2. Kinetic curves for carbonyl build-up air for pure PE (), PE + 0.1% Irganox 1010 
() and PE + 0.2% Irganox 1010 () thermally oxidized under air at 110°C (a) and 120°C 
(b).  
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Figure 3. Experimental values of residual OIT at 200°C of PE + 0.1% Irganox 1010 (), PE 
+ 0.2% Irganox 1010 () for thermal oxidation under air at 110°C (a) and 120°C (b). 
 
Kinetic curves for carbonyl build-up display the classical quasi-sigmoidal shape. The changes 
of maximal oxidation rate with the initial stabilizer concentration are significantly lower in 
case of phenolic antioxidant (for example in PP [23], squalane [39] or cumene [40] 
consistently with the fact that phenols behave as sacrificial stabilizers i.e. that induction 
period ends when all stabilizing species are totally consumed) than in the case of HAS where 
stabilizing by-products remain efficient even after the end of induction period [41] which 
induces a decrease of maximal oxidation rate when increasing the HAS concentration [39,42]. 
 
OIT200 is related to the residual concentration of unreacted phenol. It decreases obeying an 
apparent zero order law as also observed in [43,44,45,46], which will be discussed later. 
Pseudo first-order curves are also reported in literature [47] but this difference could come 
from the complexity of studied materials (PE + phenol thin films here instead of phenol + 
phosphite thick samples elsewhere). 
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1745 cm-1 absorbance decrease is explained by ester loss group ascribed to physical loss 
process by evaporation [13]. This process was considered as negligible in the studied 
timescale even at 120°C (Fig. 4). This conclusion can be drawn to each case where induction 
period duration increases linearly with initial stabilizer concentration [14]. Therefore, phenol 
depletion will be only considered as caused by chemical consumption in the following. 
 
0.000
0.005
0.010
0.015
0.020
0.025
0 1000 2000 3000 4000 5000
time (h)
D
O
17
45
 
Figure 4. Absorbance of Irganox 1010 ester group at 1745 cm-1 for PE + 0.1% Irganox 1010 
() and PE + 0.2% Irganox 1010 () thermally oxidized under air at 120°C. 
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DISCUSSION 
 
1. Proposal of a kinetic modelling for PE + phenols 
Mechanisms of stabilization by hindered phenols are reviewed elsewhere [48,49,50]. Despite 
the reported mechanistic complexity, the following stabilization scheme:  
 
(S1)  AH + POO°  A° + POOH   kS1 
(S2)  A° + POO°  POO-A   kS2 
 
can be used on the assumption that it is realistic enough with a limited number of adjustable 
parameters [23]. The model for PE + phenols thermal oxidation is thus made from pure PE 
scheme (Table 1) completed with S1 and S2 reaction.  
 
Code Reaction Rate constant
1u POOH  2P° + COPC=O + Ss k1u 6.610-7 s-1
1b POOH + POOH  P° + POO° + COPC=O + Ss k1b 1.310-5 l mol-1 s-1
2 P° + O2  POO° k2 1.0108 l mol-1 s-1
3 POO° + PH  POOH + P° k3 1.7 l mol-1 s-1
4 P° + P°  inactive products k4 8.01011 l mol-1 s-1
5 P° + POO°  inactive products k5 2.31011 l mol-1 s-1
60 POO° + POO°  [PO° °OP]cage + O2 k60 6.1108 l mol-1 s-1
61 [PO° + °OP]cage  POOP k61 2.0106 s-1
62 [PO° + °OP]cage  POH + PC=O k62 2.4105 s-1
63 [PO° + °OP]cage  2P° + 2COPC=O + 2Ss k63 1.2106 s-1
0 kJ mol-1
73 kJ mol-1
0 kJ mol-1
Values at 110°C    Activation energies  
140 kJ mol-1
105 kJ mol-1
50 kJ mol-1
0 kJ mol-1
0 kJ mol-1
80 kJ mol-1
5 kJ mol-1
 
Table 1. Kinetic parameters of pure PE oxidation model [51]. 
 
Rates constants for pure PE (reactions 1u…63) were previously determined [50] and will be 
used here without any changes. It is here tried to simulate degradation curves of stabilized 
polymers using 3 supplementary parameters: [AH]0, kS1 and kS2 ([AH]0 comes from Eq. 1 and 
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is not here an adjustable parameter). It is possible to simulate an increase in induction period 
together with keeping a constant maximal oxidation rate using an infinity of (kS1, kS2) set. Our 
strategy is thus to fix kS2, this parameter having a weak influence on simulations provided its 
value exceeds 105 l mol-1 s-1 which is the expected order of magnitude for a termination 
process involving a very reactive (P°) and a moderately one (A°) radical [23]. Here, kS2 = 
5.108 l mol-1 s-1 will be used whatever the temperature as suggested by data compiled by 
Denisov for PE [52] (Table 2). 
 
para substituant OMe Ph CMe3 CN CO-Ph Cl
ks210-8 (l mol-1 s-1) 7.2 6 3.2 2.7 1.9 1.7  
Table 2. Kinetic constants for (S2) reaction [51]. 
 
kS1 is thus the only adjustable parameter. Its value will be tentatively determined from fitting 
experimental results (the so-called inverse approach) [23]. 
 
In the case of PE oxidation in solid state, thickness of oxidized layers was reported to be ca 1 
mm [53]. In the case of OIT measurements, sample mass is often on the order of 5 mg i.e. that 
thickness of molten sample in the DSC pan is ca 100 µm. In other words, the fickian term 
relative to diffusion-reaction coupling for mobile species (phenols, oxygen) can be neglected. 
 
Basing on the model reactions proposed in Table 1 and the proposed stabilization scheme, the 
following set of differential equations is derived: 
 
cage63322
2
1b1u OP][PO2k][PH][POOk]][O[Pk[POOH]k[POOH]2kdt
]d[P   [2] 
 
 
15
]][A[POOk-][AH][POOk
][POO2k ][PH][POOk]][O[Pk[POOH]k
dt
]d[POO
S21S
2
60322
2
1b

    [3] 
 
][AH][POOk][PH][POOk[POOH]2k[POOH]k
dt
d[POOH]
S13
2
1b1u    [4] 
cage636261
2
60
cage ]OPPO)[kkk(]POO[k
dt
]OPPO[d      [5] 
]O][P[k]POO[k
t
]O[
22
2
60
2 
         [6] 
][AH][POOk
t
[AH]
1S 
          [7] 
]][A[POOk-][AH][POOk
dt
]d[A
S2S  1        [8] 
 
The system was solved with the following boundaries conditions, some of them ([P°]0, 
[POO°]0, [POOH]0) being already used for PE [13,41,54] and tentatively justified in another 
study [55]: 
at = 0 :  [P°] = [POO°] = [PO°°OP]cage = 0 
  [POOH]0 = 10-4 mol l-1  
  [PH] is the concentration in abstractable hydrogens calculated as: 
 
  [PH] = 2number of mole of ethylene/volume of polymer  
              ~ 60 mol l-1 
  [O2] = sO2PO2, PO2 being the partial oxygen pressure and sO2 the oxygen  
  solubility in amorphous phase of PE: sO2 = 1.810-8 mol l-1 Pa-1 [56]. 
  [AH]0 is given by Eq. 1 
  [A°]0 = 0 
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The solution of the differential system obtained by numerical way (ODE23s solver of Matlab 
software) is the concentration in reactive species P°, POO°, POOH, [PO°°OP]cage, AH, A° 
from which the changes in polymer chemistry can be simulated.  
 
Let’s start by degradation at PE molten state. We tentatively simulated the degradation course 
at 200°C by the changes of POOH concentration, having in mind that the exothermal signal 
measured in DSC is linked to the POOH concentration [57]. As it can be seen in Fig. 5, the 
simulation runs display actually several common features with experimental results reported 
in Fig. 1 (linear increase of induction period with stabilizer concentration together with a 
constant maximal degradation rate). kS1 was estimated ca 6106 l mol-1 s-1 at 200°C, on the 
assumption that there is no physical loss of Irganox 1010 at this temperature.  
 
 
Figure 5. Simulation of oxidation curves for PE + Irganox 1010 at 200°C under 0.1 MPa for 
mimicking OIT measurements with kS1 = 6106 l mol-1 s-1. 
 
Using other oxidation curves recorded by DSC-OIT or CL-OIT published in literature for PE 
+ Irganox 1010 [34,58,59], kS1 was also estimated at 210, 180 and 170°C. 
Pure PE 
PE + 0.1% Irganox 1010
PE + 0.2% Irganox 1010
PE + 0.3% Irganox 1010
PE + 0.5% Irganox 1010
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Let us now turn to PE “solid state” oxidation, which was monitored by FTIR. Carbonyl build-
up is calculated by post treating the solution of the model: 
 
)]OP[POk.2[POOH]k[POOH]k).(x1.(γ
dt
O]Cd[
cage63
2
1bu1CCO     [9] 
 
where CO is the carbonyl yield from POOH decomposition [51] and the 1 – xC term in Eq. 1 
and 9 accounts for the semi-crystalline morphology (crystalline phase is here considered as an 
inert media, since neither oxygen nor antioxidants are soluble in PE crystals). kS1 is thus 
determined from fitting the carbonyl build up curves (an example of parametric study is 
presented in [23]). It is found: 
 
kS1 = 4104 l mol-1 s-1 at 110°C 
kS1= 3105 l mol-1 s-1 at 120°C 
 
The comparisons between modelling and experimental data are shown in Fig. 6.  
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Figure 6. Simulation of carbonyl build-up at 110°C (a) and 120°C (b) and comparison of 
residual OIT200 value at 110°C (c, e) and 120°C (d, f) with [AH] concentration simulated by 
model (c, e) and simulation of OIT200 (d, f) using kS1(110°C) = 4104, kS1(120°C) = 3105 l 
mol-1 s-1 and kS2 = 5108 l mol-1 s-1. 
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One sees that the fitting is acceptable despite the uncertainties linked to stabilizer repartition 
in laboratory made samples. 
 
Whatever the temperature, it seems that the condition: k3[PH] < kS1[AH] is fulfilled, which 
constitutes a rough validation of the physical sense of the rate constants values. The Arrhenius 
diagram for kS1 (Fig. 7) was then built leading to an activation energy ca 80 kJ mol-1 
consistently with [23].  
 
 
Figure 7. Arrhenius diagram of kS1 (: this work, : data determined from literature 
[34,58,59]). 
 
The scattering in the Arrhenius plot is not very satisfying, certainly due to several reasons: 
- some simplifying hypothesis (such as neglecting the physical effects) in the frame of this 
comprehensive modelling, 
- scattering around the melting temperature: an efficient crystallization process may lead to a 
change in [AH]0 (see Eq. 1)  (or example due to some annealing effects) leading to a possible 
shift in the kS1 value estimated from experimental results.  
 
 
20
 
In conclusion, despite its simplicity, the proposed model can: 
- Simulate the shape of carbonyl build-up curves for PE films stabilized with phenolic 
antioxidants. 
- Simulate the linear increase of induction period with stabilizer concentration, as observed in 
Fig. 1 and Fig. 2, (in the absence of stabilizer physical loss) using kinetic constants kS1 and kS2 
of which order of magnitude can be justified. 
 
2. Stabilizers depletion curves in thermal ageing 
 
It remains to add new criteria of validation. It seemed to us that the simulation of kinetics of 
antioxidant consumption was a necessary requirement for the model.  
 
Let us first mention that results presented in Fig. 2 and 3 are in our mind very consistent with 
those reported by Gillen and coll. [60] in their extensive work dealing with the “wear-out” 
approach, i.e. that the residual OIT/OIT0 value is a sort of milestone of the conversion process 
which can be linked to the residual time to end of life (t/tind). Here, our aim is to describe the 
curve of residual stabilizer concentration versus time using our model and try to understand 
the link between OIT and the residual stabilizer concentration. 
 
The numerical solution of Eq. 7 leads to the theoretical changes of phenol group concentration 
[AH] (Fig. 6).  
 
Since the concentration in unstable moieties at the beginning of exposure is very low 
compared to active phenol one, and increases progressively during induction period 
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meanwhile phenol group decreases, the accelerated decrease of residual AH group is thus 
justified. 
 
However, the shape of the residual curve of OIT200 (used as a simple method for detecting 
active stabilizer) is quite different from the [AH] changes curve (Fig. 3). It would actually 
display a pseudo-linear shape as well in this work as in literature [43-46]. Sources of errors in 
OIT measurements [61] are not in our mind the best explanation for this difference.  
 
Results from literature show that OIT is proportional to stabilizer concentration for a pristine 
sample [27-37]. In the frame of a modelling approach, it means that OIT is proportional to 
[AH] provided that other material parameters ([P°]0, [POO°]0, [PO°°OP]cage0 and [POOH]0) 
remain constant.  
 
In the case of materials having undergone a previous oxidation, the positive effect of residual 
stabilizer concentration on OIT measurements is counterbalanced by the negative influence of 
alkyl, peroxy, hydroperoxides build-up. It was shown that increasing [POOH]0 results in a 
significant decrease (and even total loss in extreme cases) of stabilizer efficiency both from a 
theoretical approach [23] and from experimental measurements [62]. The difference between 
[AH] and OIT200 curves (Fig. 3) is hence not surprising. 
 
We have thus implemented the following approach for simulating the OIT200 changes: 
 
 Initial state of material is: [P°]0 = [POO°]0 = [PO°°OP]cage = [A°]0 = 0, [POOH]0 = 10-4 mol 
l-1, [AH]0 from Eq. 1: 
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 Simulation of oxidation (here for example) at 110°C during an exposure time (tfinal) after 
which polymer was characterized by [P°]110,tfinal, [POO°]110,tfinal, [POOH]110,tfinal, 
[PO°°OP]cage110,tfinal, [AH]110,tfinal and [A°]110,tfinal using kS1 = 4104 l mol-1 s-1 at 110°C and kS2 
= 5.108 l mol-1 s-1. 
 
 Theoretical calculation of OIT200 value for the oxidized sample by simulating oxidation at 
200°C under 0.1 MPa O2 with kS1 = 6.0106 l mol-1 s-1, kS2 = 5.108 l mol-1 s-1 and the 
following initial conditions:  
 
[P°]200,t=0 = [P°]110, tfinal  (1 – xC)  
[POO°]200,t=0 = [POO°]110,tfinal  (1 – xC) 
[POOH]200,t=0 = [POOH]110,tfinal  (1 – xC)  
[PO°°OP]cage 200,t=0 = [PO°°OP]cage 110,tfinal  (1 – xC) 
[AH]200,t=0 = [AH]110,tfinal  (1 – xC),  
[A°]200,t=0 = [A°]110,tfinal  (1 – xC) 
 
(the factor 1 - xC corresponds to the fact that melting in a semi-crystalline polymer decreases 
the concentrations in amorphous phase). The OIT200 value was assumed to be equal to the 
induction period duration of POOH curve tind(POOH) at 200°C.  
 
Examples of calculation at 110°C are gathered in Table 3. A scheme summarizing the 
methodology is given in Fig. 8. 
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(a) 
 
(b) 
 
(c) 
Figure 8. General method for OIT simulation (a), changes in POOH and AH concentration 
during ageing at 110°C and subsequent shape of DSC-OIT curves at 200°C (b) and resulting 
OIT drop versus AH decrease (c). 
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t (h) [POOH](t) (mol l-1) [AH](t) (mol l-1) [POOH]0 (mol l
-1) [AH]0 (mol l
-1) tind(POOH) (h)
0 1.0E-04 6.5E-03 5.0E-05 3.2E-03 5.0E-01
256 1.0E-04 6.5E-03 5.2E-05 3.2E-03 5.0E-01
596 1.9E-04 6.3E-03 9.4E-05 3.1E-03 4.1E-01
1150 3.4E-04 5.9E-03 1.7E-04 3.0E-03 3.2E-01
1590 5.7E-04 5.5E-03 2.8E-04 2.7E-03 2.4E-01
1950 8.9E-04 4.8E-03 4.4E-04 2.4E-03 1.8E-01
2540 2.4E-03 2.6E-03 1.2E-03 1.3E-03 5.9E-02
2800 9.0E-03 2.3E-04 4.5E-03 1.2E-04 7.0E-03
0 1.0E-04 1.3E-02 5.0E-05 6.5E-03 9.7E-01
147 1.1E-04 1.3E-02 5.5E-05 6.5E-03 9.5E-01
558 1.4E-04 1.3E-02 6.9E-05 6.4E-03 8.9E-01
1090 1.8E-04 1.3E-02 9.0E-05 6.3E-03 8.1E-01
1570 2.3E-04 1.2E-02 1.2E-04 6.2E-03 7.4E-01
2010 2.9E-04 1.2E-02 1.5E-04 6.1E-03 6.7E-01
2410 3.6E-04 1.2E-02 1.8E-04 5.9E-03 6.1E-01
3170 5.5E-04 1.1E-02 2.8E-04 5.5E-03 4.8E-01
3910 8.7E-04 9.7E-03 4.3E-04 4.9E-03 3.5E-01
4580 1.4E-03 7.9E-03 7.0E-04 4.0E-03 2.3E-01
5130 2.3E-03 5.5E-03 1.2E-03 2.7E-03 1.2E-01
5550 4.6E-03 2.1E-03 2.3E-03 1.1E-03 3.3E-02
0.1% Irganox 1010
0.2% Irganox 1010
110°C - 0.02 MPa O2 200°C - 0.1 MPa O2
 
Table 3. Simulation of OIT200 value for PE + Irganox 1010 after exposure 110°C.  
In the case of PE + 0.1% Irganox 1010 : after 1150 h of ageing at 110°C under air, [POOH] 
has increased from 10-4 to 3.410-4 mol l-1 and [AH] has decreased from 6.510-3 to 5.910-3 
mol l-1. Corresponding OIT200 of this sample (i.e. the POOH induction time at 200°C under 
0.1 MPa O2 with the initial boundary conditions: [POOH]0 = 3.410-4/2 mol l-1 and [AH]0 = 
5.910-3/2 mol l-1) is equal to 19 min for the aged sample instead of 30 for the virgin one (See 
also Fig. 8). 
 
OIT200 simulations (Fig. 6) are in better agreement with experimental results than simulation 
of residual [AH] concentration after 110°C and 120°C exposure. Let us mention that OIT200 is 
unchanged if the initial conditions for exposure at 200°C are: [P°]200,t=0 = [POO°]200,t=0 = 
[PO°°OP]cage 200,t=0 = [A°]200,t=0 = 0. This is in good agreement with previous observations on 
the model sensitivity to boundary conditions [54]: hydroperoxides are actually the key species 
of our model and their initial concentration controls the overall oxidation kinetics meanwhile 
radicals concentration plays a secondary role. 
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According to Gugumus [63], a critical interpretation of a comprehensive set of data obtained 
with PP and LDPE showed explicitly that samples of stabilized polyolefins may fail even if 
there is still a rather high concentration of antioxidant. According to Pospíšil [64], these 
observations stimulated the formulation of a new concept called “critical concentration level” 
defined as the degree of oxidation of the polymer beyond which the stabilizing system is no 
longer available to cope with the considerably enhanced oxidation rate induced by the 
oxidation products that have accumulated. Here, the model verifies this scenario. 
 
It has the following consequences: 
- OIT200 can not be used for quantifying residual stabilizer after ageing if the concentration in 
POOH generated by ageing is not measured. 
- The model can simulate complex ageing cases, for example an exposure at 110°C or 120°C 
followed by another one at 200°C. The principle is to use the final [POOH] and [AH] value of 
an ageing cycle as the initial conditions for the next one.  
 
3. Some comments on the possible heterogeneity in oxidation of stabilized polyolefins 
 
According to George and Verdu [24], heterogeneity in stabilizer polymer oxidation could 
originate in an heterogeneous stabilizer spatial repartition. It seemed to us interesting to 
compare this scenario with model prediction. To that purpose, we did three simulation runs 
differing by their initial conditions: [POOH]0 and [AH]0 (Fig. 9): 
- a first one with [POOH]0 = 10-4 mol l-1, [AH]0 = 0.005 mol l-1 representing an average 
sample,  
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- a second one with [POOH]0 = 10-4 mol l-1, [AH]0 = 0.0045 mol l-1 representing the same 
sample with a little local heterogeneity in initial stabilizer concentration, induced, for example 
by processing, 
- a third one with [POOH]0 = 10-3 mol l-1, [AH]0 = 0.005 mol l-1 representing a part of the 
sample which would be ‘polluted’ by a moiety likely to initiate oxidation (typically a metallic 
particle coming from catalyst residue, processing or sampling).  
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Figure 9. Simulation runs for T = 110°C with kS1 = 5104 l mol-1 s-1, kS2 = 5.108 l mol-1 and 
PE rate constants from Table 1. 
 [AH] () and [POOH] () with [POOH]0 = 10-4 mol l-1, [AH]0 = 0.005 mol l-1  
 [AH] () and [POOH] () with [POOH]0 = 10-4 mol l-1, [AH]0 = 0.0045 mol l-1 
 [AH] () and [POOH] () with [POOH]0 = 10-3 mol l-1, [AH]0 = 0.005 mol l-1 
 
According to simulations  and , the model predicts that even a slight difference in 
stabilizer concentration induces a strong difference around the induction in oxidation level 
(here expressed by [POOH]) due to the intrinsic auto-accelerated behaviour of oxidation 
period : sample  is reaching the end of induction period at ca 4300 h meanwhile sample  
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is reaching maximal POOH concentration i.e. oxidation steady state. In other words, the 
model simulations are consistent with the scenario proposed by [24]. 
 
The comparison of simulations  and  shows that the model simulates the fact that the 
polluted part of polymer oxidizes much faster than non-polluted one. It would correspond to 
the observations by Gijsman and coll [25] according to which a film of polymer oxidizes 
faster at its edges than in the middle (having in mind that such films are generally cut using 
metallic tools). In conclusion, it shows that this model could be a heuristic tool for a better 
understanding of the heterogeneity in oxidation of stabilized polyolefins.  
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CONCLUSION 
The oxidation kinetics of polyethylene stabilized by Irganox 1010 have been simulated using 
a model starting from the previously established scheme for unstabilized PE to which two 
stabilizing elementary reactions S1 and S2 were added. S1 is the classical reaction of the 
stabilizer with a peroxy radical POO° giving a hydroperoxide and a phenoxy radical A°. S2 is 
the terminating combination of POO° with A°. Rate constants for stabilizer chemical 
consumption were determined. Even though they are not the optimal set, they constitute at 
least an approached solution for future studies including more complex cases of stabilization 
coupled with physical loss. Model simulates the shape of carbonyl build up, linear 
dependence of induction period with stabilizer concentration. This model simulates also the 
kinetic of residual OIT depletion in thermal ageing. An implication of this work is that OIT 
can actually be used for quantifying polyolefins in a virgin grade of a given polymer (for 
some manufacturing quality concerns) but not in an oxidized polymer.  
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